ABSTRACT This paper introduces the constant excitation test to be applied in synchronous machines. The results obtained from this test allow the determination of the quadrature axis synchronous reactance of the salient pole synchronous machines. Despite standard present methods for its determination, the proposed method is suitable for large installed machines. The method basis is described and it is applied to several existent hydrogenerators. The calculated quadrature axis synchronous reactances are compared with the values supplied by the manufacturers, resulting in very good agreement. The appendix shows the quadrature axis location from the previous calculations results to obtain transient parameters from load rejection test.
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NOMENCLATURE

E
Induced voltage (pu) I
Load current (pu) P Active power (pu) Q Reactive power (pu) V Terminal voltage (pu) X d Direct axis synchronous reactance (pu) X q Quadrature axis synchronous reactance (pu) δ Power angle (rad) ϕ Power-factor angle (rad) PF Power-factor.
I. INTRODUCTION
S
YNCHRONOUS machines are employed worldwide in power plants for energy conversion to electricity. Since the beginning of the 20 th century it has been studied and modeled in order to optimize its design and to predict its operating behavior both in steady and transient states.
A convergence of machine modeling was reached with the introduction of Park's two-reaction theory, in which the variable inductances in the phases coordinate frame were replaced by the constant inductances of the dq0 reference frame [1] .
Since then, methods to obtain the direct and quadrature axis parameters -which are a set of reactances and time constants for synchronous, transient, and sub-transient states -have been proposed. The most successful methods have been compiled and referred to in the main standards of synchronous machines parameters determination [2] , [3] .
Within the traditional machine parameters, the q-axis synchronous reactance is one of most difficult to assess. Different from the direct axis that can be readily found when the machine is pure reactive loaded, the q-axis reactance is found when the main flux is aligned with the midway point from two consecutive poles, i.e., in a special active and reactive loading in which the power factor angle has the same absolute value of the power angle [4] .
Fortunately, several standard methods allow for the q-axis synchronous reactance determination: Slip test, maximum lagging current, power angle measurement, quadrature axis load rejection, and quadrature axis standstill frequency response [2] , [3] . However, the great majority of the standard methods are suitable for laboratory sized machines, presenting several drawbacks when applied to large machines already installed in the field.
In the slip test, it is very hard to obtain a suitable slip in salient poles machines provided with damper windings due to their induced currents and resulting pulsating torque, always tending the machine to pull into synchronism. In addition, high voltage in the open field winding and high current in the dumper windings are induced when slip is large [5] .
The maximum lagging current test must be applied carefully [6] . As the armature current is inverse to the q-axis quadrature reactance, which is generally lower than one perunit, the armature current can be greater than the rated, operating out of the machine capability.
Power angle measurement requires special instrumentation [10] , [11] . The standstill frequency response needs exact quadrature axis alignment, which can leads to large errors in small laboratory machines or be of difficult implementation in the large machines with a high number of pole pairs [12] .
Machine modeling with its physical dimensions requires a deep knowledge of the machine design, applied material, and construction [7] - [9] . Recent techniques have been presented to obtain machine synchronous and transient parameters, which include time domain and frequency responses [13] - [15] .
Nonetheless, the aims of this paper are at introducing the Constant Excitation Test and presenting a methodology to estimate the q-axis synchronous reactance from ordinary active and reactive power measurements, assuming constant excitation and simple calculations. The proposed method is suitable to the medium and large sized machines already installed in power plants or to those constructed in the field. In such cases, the armature resistance can be neglected and the obtained reactance is useful to evaluate design assumptions, to compare with manufacturer information, or simply to retrieve lost information at a virtually no cost and no risk. Several case studies, with the application of the proposed method in machines with powers ranging from 1.75 MVA to 823.5 MVA, are presented in order to testify the method suitability.
II. THE CONSTANT EXCITATION TEST
The Constant Excitation Test consists in performing active power variation, keeping the excitation current constant. For a generator, it is accomplished by varying the primary mover power supply, which is proportional to the fuel input. As a consequence, a shift in the reactive power will be also observed. For each value of active power, values of voltage, active and reactive powers should be recorded.
Consider the power chart of a salient pole synchronous machine depicted in the Fig. 1 . The diagram shows the active power versus the reactive power plane. The loading point L is described by active and reactive powers that define the power-factor angle. The loading point is also connected to the extreme point V 2 /X q , defining the power angle.
In addition, two lengths can be noticed in this picture, the length a that goes from V 2 /X q to the semi-circle border, and the length b that goes from the semi-circle border to the loading point L. The active and reactive power can be stated as a function of these two lengths where
If a synchronous machine, connected to an infinite bus, has its active power increased keeping the excitation current constant, according to the above equations, until the stability limit, the power angle will increase following the active power (1) and the reactive power will decrease, as it varies with the cosine of the power angle (2) . For the same reason, value a will decrease (3).
Moreover, if one keeps constant the field current, the ma-chine internal induced voltage will be constant. Considering the situation in which the bus is strong enough to sustain constant the terminal voltage and disregarding d-axis synchronous reactance variations, the value b will not vary, keeping its length constant (4).
The dashed line of Fig. 2 describes the excursion of the loading point of a generator synchronized to an infinite bus, having its active power increased by a primary mover, holding its excitation current constant. It is observed that while the active power increases, the reactive power decreases. The loading point excursion is a limaçon of Pascal, which is the complex power loci for constant field currents.
Therefore, the Constant Excitation Test is performed as soon as the machine is connected to the power system, with null active and reactive powers, and the excitation current is that necessary to obtain rated voltage at the no-load saturation curve. As soon as the machine is synchronized the automatic excitation mode is switched off and set to manual operation. The active power is increased in steps of about 10% and voltage, active and reactive powers are registered, establishing a set of measured points.
III. Q-AXIS SYNCHRONOUS REACTANCE ESTIMATION
The presented equations shows that the correlated parameters are active and reactive powers, terminal and induced voltages, d-and q-axis reactances, and the power angle. From these seven variables, three of them are measured (P, Q, and V ), and one of them is given (X d ), resulting in three unknown for only two equations, (1) and (2) . Nevertheless, if the induced voltage (E) is kept constant, as in the Constant Excitation Test, only two variables remains (δ and X q ) and the system can be resolved from a set of equations.
After conducting the Constant Excitation Test for several active powers, there will be available a set of equations that can mathematically be solved in a number of ways. In general, the system solution is found as soon as a chosen goodness function reaches its minimum value. Optimization methods, simultaneous equations, or least square techniques can be applied to reach that minimum and to obtain the value of X q .
It should be noticed that, despite the induced voltage is kept constant, in most of the cases the length b will vary with the terminal voltage and with the machine saturation. Recently, saturation of salient pole synchronous machines has been deeply studied [16] - [18] . Saturation happens as soon as the machine is subject to the system voltage, does not matter if it is over or under excited. Nevertheless, as will be shown, saturation can be neglected without introducing large errors [19] .
On the other hand, terminal voltage will always vary. Even when connected to a grid with large short circuit power, the impedance of the step-up transformer is enough to allow machine terminal voltage to variation. Therefore, the value of b must be conveniently corrected by dividing its value by the per unit value of the terminal voltage (6), resulting in b * . Eventually, the chosen goodness function is a measure of the deviation of the several corrected values to their average (7) .
After the application of the Constant Excitation Test as suggested, a simple algorithm to determine X q from a set of n measured points is presented as follows:
1. Adopt X q = X d 2. Calculate the power angle for the i-th tested points as
3. Handling (1) and (3), determine the voltage corrected b * for all the points
4. Calculate the goodness function, defined as the summation of the absolute deviations of the i-th calculated b * i from their average
5. Decrease the value of X q and return to step 2 until the goodness function reaches its minimum value. An accurate knowledge of X d is of utmost importance to the successful application of the proposed method. Appendix I presents a simple method to obtain a value of X d . Appendix II presents a simple technique to determine loading conditions to operate exactly over the quadrature axis, allowing for load rejection at this point and determination of the related transient parameters.
IV. METHOD APPLICATION
The proposed method was applied to several salient pole synchronous machines from different hydro power plants of many rated sizes.
The rated values of the tested machines are summarized in Table 1 , including existing information of d-and q-axis synchronous reactances. The value of the d-axis reactance will be employed in the first step of the algorithm, while the obtained q-axis reactance will be compared to the given value.
Tests were conducted and measurements were taken as soon as the machines were synchronized to the power system. Keeping the excitation current constant the units were loaded, voltage and active and reactive powers were recorded.
Per unit measurements and the results from the application of the proposed methodology are summarized in following tables. The obtained quadrature synchronous reactances were compared to those supplied by the manufacturers or obtained from different test methods.
A. FURNAS HYDRO POWER PLANT
Furnas is a hydro power plant located at the southeast Brazil and has eight 160 MVA units. Measurements made in unit #2 and calculations results are described in Table 2 . Fig. 3 presents the measured points and, as a reference, the semi-circle defined by the two synchronous reactances, X d and X q at rated voltage. 
B. PEHUENCHE HYDRO POWER PLANT
The Pehuenche hydro power plant is located in Chile. Measurements and calculations are described in Table 3 . Fig. 4 presents the graphical results. The obtained X q was 0.693 pu, which is about 1.5% lower than the value supplied by the manufacturer. 
C. ITAIPU HYDRO POWER PLANT
Itaipu is a 14,000 MW bi-national Brazil-Paraguay hydro power plant. It is the first in energy hydro generation despite being the second biggest power plant in the world. Half of the 20 existent units generates voltage at 50 Hz to supply Paraguay, the other half generates at 60 Hz to supply Brazil. The surplus of the Paraguayan power is rectified and transmitted in a 600 kV DC link to Brazil where it is inverted to 60 Hz.
The Constant Excitation Test was applied to both types of machines. Table 4 presents the measurements made in the unit #8, 50 Hz, while Table 5 The obtained values of X q were 0.725 pu for the 50 Hz machine and 0.714 pu for the 60 Hz machine. The resulting errors are 2.871% and 3.422%, respectively, well within the allowed range of variation.
D. SÃO BERNARDO SMALL HYDRO POWER PLANT
São Bernardo is a small hydro power plant from CEMIG, with 600 m of head and three Pelton turbine generating units. Measurements obtained with the Constant Excitation Test applied to unit #1 and related calculation results are described in Table 6 . Measurements and the reference semi-circle for rated voltage and calculated X q are shown in Fig. 7 . The calculated q-axis synchronous reactance was 1.101 pu, showing a relative error of about −1.3% to the 1.115 pu reference value. Power angle measurements (δ * ) are also presented in Table 6 , which corroborates with the method validation.
E. EUCLIDES CUNHA HYDRO POWER PLANT
Euclides da Cunha is a hydro power plant with four units totalizing 136 MVA with a gross head of 92 m. It belongs to AES Tietê in Brazil. The Constant Excitation Test was applied to unit #3. Measurements and calculation results are described in Table 7 . Measurements and the reference semi-circle considering the calculated q-axis synchronous reactance and rated voltage is shown in the graph of Fig. 8 . The calculated Xq was 0.494 pu, 0.863% greater than the value informed by the manufacturer. 
F. JOASAL SMALL HYDRO POWER PLANT
Joasal is an 8.4 MW small hydro power plant that belongs to CEMIG and accounts with five generating units. Table 8 presents the measurements obtained with the Constant Excitation Method applied to unit #4 where the related calculation results are also described. The graph of Fig. 9 shows the measurements and the reference semi-circle for the obtained results and rated voltage. The obtained value of the q-axis synchronous reactance was 0.8 pu, which represents a relative error of 0.686% when compared to that value used as a reference in the owner's power systems studies. 
G. SOGAMOSO HYDRO POWER PLANT
Sogamoso is the fourth largest hydroelectric power plant in Colombia. The project is located on the Sogamoso River approximately 285 kilometers north of Bogotá to the north-west of Colombia. The underground powerhouse accounts with three units totalizing 820 MW of installed capacity and annual average generation of 5,000 GWh. The Constant Excitation Method was applied to the unit #2 and the obtained measurements are presented in Table 9 . The same table shows the calculations and the obtained q-axis synchronous reactance with an error of 0.29% in relation to the value supplied by the machine manufacturer. Fig. 10 shows the measurements plotted in the P-Q plane, along with the reference semi-circle from the calculated and informed parameters, at rated voltage. 
V. CONCLUSION
This paper presented a novel methodology to estimate the quadrature axis synchronous reactance of a synchronous machine, using the Constant Excitation Test and simple calculations over the obtained data. The method was applied to eight salient pole hydro generators achieving very good results. The obtained q-axis synchronous reactance were compared either to values declared by the manufacturers or to those obtained from other standard methods. Despite of neglecting armature resistance and saturation effects, three machines presented errors lower than 1%, three machines presented errors lower than 1.5%, and two machines presented error of about 3%, well within the standards admissible errors for synchronous parameters identification. It should be reinforced that the test is of simple application and can be applied to a machine under operation with virtually no-cost and no-risk of damage. The method is considered risk-less because it does not require any special connection, measurements are taken from the panel of instruments, and machine operates under its capability curve. The sole requirement is to keep the excitation current constant. Such operations do not impose any risk to the machine under test. The method is suitable for medium and large sized power machines already installed or for those constructed in the field. The obtained reactances are useful to evaluate design assumptions, to compare with manufacturer information, or simply to retrieve lost information. While the method is suitable to obtain q-axis synchronous reactance, the knowledge of the d-axis synchronous reactance is necessary. Transient q-axis parameters can be obtained through the load rejection test. Therefore, Appendix I bring a load rejection derived method to obtain the d-axis synchronous reactance, while Appendix II presents a procedure to identify the active and reactive powers that conduct to a loading current exactly over the q-axis, allowing for load rejection and transient parameter determination. Finally, the presented method covers a gap of a reliable, simple, and riskless method to obtain the quadrature axis synchronous reactance using the proposed Constant Excitation Test. The analysis of the influence of saturation on the results and the determination of other synchronous parameters from the Constant Excitation Test are subjects of future works.
APPENDIX I DIRECT AXIS SYNCHRONOUS REACTANCE
There are several methods used to determine the direct axis synchronous reactance [2] , [3] . The reactive load rejection is one of the most simple and reliable [20] .
In this test, the machine is connected to the power system, under-excited in order to prevent over-voltages, and loaded with pure reactive power. The excitation system should be set to manual to ensure constant excitation voltage. Terminal voltage and current are measured. After opening the interconnection switchgear the machine terminal voltage will converge to its internal induced voltage.
Taking the per-unit values, the direct axis synchronous reactance is calculated
This equation can also be tested using data available in the technical literature [21] , [22] .
APPENDIX II QUADRATURE AXIS LOCATION
The location of quadrature axis is of utmost importance to perform load rejection tests to obtain q-axis transient parameters. The quadrature axis is located in a place where the machine is demanding reactive power and the power angle is equal to the absolute value of load angle, describing a rectangle triangle in a semi-circumference with diameter V 2 /X q .
Any loading point over this semi-circumference line is at the quadrature axis. Therefore, for any active power there will be a corresponding reactive power. As long as X q has already been estimated, this reactive power can be calculated as
The knowledge of this loading point conducts readily to the location of the quadrature axis, allowing for load rejection in this condition to determine the quadrature axis transient parameters. Notice that P must be lower than V 2 /2X q , to obtain a feasible loading condition. 
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